Despi te 85 years of research since Banting and Best's isolation of insulin-containing extracts, 1 diabetes still remains one of the most significant causes of morbidity and mortality in the world, and its global impact is likely to accelerate over the coming decades. 2, 3 Much of the medical and economic consequences of diabetes are attributable to its associated microvascular and macrovascular complications. [4] [5] [6] Two classic large-scale clinical studies, the Diabetes Control and Complications Trial (DCCT) 6 and the UK Prospective Diabetes Study (UKPDS), 7 demonstrated that intensive blood-glucose control policies can decrease the frequency of complications, arguing that physicians and patients should strive to mimic, as closely as possible, the serum levels of insulin produced by a healthy person. Secretion of insulin by the pancreas, however, is under complex regulation that depends on the intake of nutrients, other gastrointestinal peptides (e.g., incretins), and overall metabolic levels (i.e., exercise versus rest). 8 These physiological variables, which pose real challenges to the accurate metabolic replacement of insulin, are further complicated by the fact that diabetes requires self-management and therefore depends on the psychology, motivation, and understanding of the patient. A growing body of medical research has demonstrated that intensive control of serum glucose levels can minimize the development of diabetes-related complications. Success with insulin management ultimately depends on how closely a given regimen can mimic normal physiologic insulin release patterns.The new insulin analogs, including the rapid-acting analogs (aspart, lispro, glulisine), the long-acting basal analogs (glargine, detemir), and the premixed insulin analog formulations (75% neutral protamine lispro, 25% lispro; 50% neutral protamine lispro, 50% lispro; 70% protamine aspart, 30% aspart) have been formulated to allow for a closer replication of a normal insulin profile.The rapid-acting analogs can be administered at mealtimes and produce a rapid and short-lived insulin spike to address postprandial glucose elevations, while the long-acting analogs come close to the ideal of a smooth, relatively flat, 24-hour basal insulin supply, with less variability in action compared to NPH insulin. Despite these clear pharmacologic advantages, measurable clinical benefits in a complex disease such as diabetes can be hard to measure.To date, reviews of insulin analog studies have not found a dramatic overall improvement in glycosylated hemoglobin (HbA1c) outcomes compared to traditional human insulins, although all-analog basal-bolus regimens were associated with significantly lower HbA1c than all-human-insulin basal bolus regimens in some studies. Beyond HbA1c comparisons, however, insulin analogs have been shown in many instances to be associated with lower risks of hypoglycemia, lower levels of postprandial glucose excursions, better patient adherence, greater quality of life, and higher satisfaction with treatment.The long-acting basal analog insulin detemir has the additional advantage of producing less weight gain, which has been considered until now an almost inevitable consequence of insulin replacement.
While management of diabetes has greatly improved in recent years with newer strategies focusing on aggressive glucose control, traditional insulin products have fallen short of providing optimal therapy. The insulin analogs, relatively recent additions to the anti-diabetes armamentarium, have been designed to more closely mimic physiologic insulin profiles through improved pharmacokinetic characteristics, which result in either more rapid or prolonged pharmacodynamic effects. The purpose of this review is to examine the pharmacokinetic and clinical features of these new insulin analogs and to discuss current findings regarding their potential impact on overall treatment success, safety, patient satisfaction, and adherence to therapy compared to traditional human insulins.
Biochemical Characteristics of Insulin Analogs
Upon subcutaneous injection, insulin molecules form a depot from which absorption into the systemic circulation occurs. All insulin molecules have a tendency to self-aggregate into hexameric complexes and these clusters must dissociate into dimers and monomers to diffuse through interstitial fluid, penetrate the capillary wall, and enter the bloodstream. 9 The unique pharmacologic features of individual insulin analog preparations largely alter the rate of hexamer dissociation and the subsequent movement of free insulin into the circulation, i.e., the time-concentration profile of activity.
Rapid-Acting Insulin Analogs
Rapid-acting insulin analogs are designed to offer a more rapid onset of action and shorter duration of activity than human soluble insulin. Currently, there are three commercially-available rapid-acting insulin analogs: insulin aspart, insulin lispro, and insulin glulisine (table 1) . For each analog, the specific modifications made to the insulin molecule are relatively minor, involving only one or two amino acid alterations. These changes weaken the tendency to self-associate into hexamers, thereby facilitating more rapid absorption. However, the molecular changes do not alter the biological properties of the analogs in terms of binding to the insulin receptor, and the rapid-acting insulin analogs all possess the same glucose-lowering effects as human insulin. [10] [11] [12] Long-Acting Basal Insulin Analogs There are currently two long-acting basal insulin analog preparations available for commercial use: insulin glargine and insulin detemir (table 1). Both analogs have been designed to provide consistent, relatively flat, and protracted basal insulin levels, features which result from their specific molecular modifications relative to the human insulin molecule.
Insulin glargine has been formulated with an amino acid substitution at position A21 (asparagine replaced by glycine) and two arginines at the C-terminus of the B-chain (B31 and B32). These changes shift the isoelectric point from 5.4 to 6.7, which make the agent most soluble at a slightly acidic pH and less soluble under neutral conditions. Upon injection, insulin glargine precipitates into stable hexamers within the physiologically pH-neutral environment, thereby prolonging its dissociation and subsequent absorption. 9 The marketed formulation of insulin glargine also includes small amounts of added zinc, which further delay absorption. 13 Insulin detemir has been modified from the human insulin structure through the addition of a C14 fatty acid side chain at position B29. This alteration serves to delay absorption through a combination of increased self-association at the injection site (hexamer stabilization) and a high degree of reversible albumin binding within subcutaneous tissue. 14 In addition, the interaction between insulin detemir and albumin in the bloodstream after absorption may result in a more consistent time-action profile by buffering against sudden changes in the analog's plasma concentration.
Premixed Analogs
Three types of fixed-ratio insulin analog mixes are currently available: a 75% insulin lispro protamine suspension with 25% insulin lispro, a 50% insulin lispro protamine suspension with 50% insulin lispro, and a 70% insulin aspart protamine suspension with 30% insulin aspart (table 1). These formulations have been developed to minimize the errors that can occur when patients self-mix insulin combinations. Fixed-mixed combinations may simplify the insulin regimen and reduce the number of daily injections. 15 However, the fixed ratio of insulins in premixed combinations can provide suboptimal therapy for some patients, which may necessitate self-mixing for optimal glucose control.
Pharmacokinetic and Pharmacodynamic Characteristics of Insulin Analogs
Subcutaneous insulin preparations are primarily differentiated by the shape of their serum time-concentration profiles, which in turn translates into how rapid, how significant, and how protracted of an effect they will have on glucose levels. Equally important is the need for reproducible and non-variable activity, which has been a significant limitation with traditional insulin products. 9 
Rapid-Acting Analogs
Pharmacokinetic studies of the three commercial rapid-acting analogs have consistently reported higher and more rapidly-attained peak values for serum insulin compared to human insulin, mimicking more closely a normal postprandial physiologic profile. [16] [17] [18] [19] In one study, for instance, insulin aspart was absorbed twice as quickly and attained more than double the serum concentrations compared to regular human insulin in healthy subjects (figure 1). 20 Euglycemic clamp investigations in healthy subjects confirmed that the pharmacodynamic activity of insulin aspart was faster (glucose infusion rate [GIR] Tmax) and more extensive (GIR Cmax) than that of human insulin, regardless of injection site. One study, however, showed that abdominal injection of aspart was associated with a significantly shorter duration of effect compared to other sites. 11 These studies also demonstrated a more rapid taper of metabolic activity of the insulin analogs relative to regular insulin. Finally, insulin aspart was found to have a lower range of pharmacokinetic and pharmacodynamic variability than human insulin (10% to 20%). 21 Similar results have been obtained in pharmacokinetic studies of insulin lispro and insulin glulisine. Thus, in a euglycemic clamp study in normal subjects, the peak serum insulin concentration was significantly higher (116 vs. 51 mU/mL [698 vs. 308 pmol/L]) and earlier (42 vs. 101 minutes) after the subcutaneous administration of insulin lispro than after regular insulin. 22 The rates of glucose infusion needed to maintain euglycemia followed a similar pattern. 22 Likewise, insulin glulisine reached twice the peak insulin concentration and had a time to peak concentration approximately twice as fast as that of regular human insulin. 16 The time to 10% of total exposure (reflecting the onset of exposure) was about 30 minutes for insulin glulisine (0.15 U/kg) and about 55 minutes for regular human insulin, while the time to 90% of total exposure (reflecting completion of absorption) was about 3.5 and 6 hours for insulin glulisine and regular human insulin, respectively. 16 When compared to each other, the short-acting insulin analogs appear to have relatively similar pharmacokinetic characteristics. A double-blind, two-period, crossover trial comparing insulin aspart and insulin lispro found no differences between them with regard to maximal insulin concentration, time to half-maximum insulin concentration, and time to 50% decrease of maximum insulin concentration. 23 In a study of obese subjects without diabetes, insulin glulisine and insulin lispro were found to have similar, more rapid time-action profiles compared to human insulin, a difference that prevailed regardless of body mass index and subcutaneous fat thickness. 24 However, in a randomized, double-blind, crossover study on lean to obese subjects without diabetes, insulin glulisine showed a somewhat greater early metabolic action than insulin lispro, an effect that was independent of body mass index and dose. 25 The total metabolic effects over the entire study were not different between the two insulin analogs. 25 The faster glucose-lowering effect of rapid-acting insulin analogs allows them to be dosed at mealtime when postprandial glucose absorption is highest. This imparts a significant advantage in convenience for patients relative to human insulin, which is recommended to be administered roughly 30 minutes prior to eating. 20 In one study of children and adolescents with type 1 diabetes, a similar degree of glycemic control was achieved with insulin aspart, whether it was administered prior to or following a meal, although there was a tendency toward higher blood glucose levels 2 hours after the meal using the latter schedule. 26 Analogous studies supporting meal-time dosing have been published for insulin glulisine 27 and insulin lispro. [28] [29] [30] [31] [32] Long-Acting Basal Analogs Both insulin glargine and insulin detemir have been designed to approach the ideal characteristics for a basal insulin by having a relatively flat, reproducible, and long-acting concentration profile. By comparison, NPH insulin displays a peak in effect around 4 to 6 hours after injection and a duration of action ranging only from 12 to 16 hours, 33 characteristics not observed with the long-acting analogs. Consequently, supper and/or bedtime dosing with NPH insulin may be associated with increased risk for hypoglycemia in the evening/early nighttime, as well as a waning effect in early morning hours when hepatic requirements and fasting plasma glucose (FPG) levels are increased ("dawn phenomenon"). 9 Pharmacokinetic/pharmacodynamic studies have confirmed that, compared to NPH insulin, both long-acting analogs have a more prolonged and consistent duration of action, without the marked post-injection peak characteristic of NPH insulin. [34] [35] [36] [37] [38] Duration of action is most reliably measured through euglycemic clamp studies in patients with type 1 diabetes, rather than in healthy subjects or those with type 2 diabetes, because of the confounding influence of endogenous insulin secretion. 39 Studies of this nature with insulin glargine have reported a duration of action of 20 to 24 hours after single dose administration 35, 36, 40 and 24 to 25.6 hours at steady-state. 40 The slight increase in duration of action at steady state may suggest an accumulation of insulin glargine after multiple doses, although a previous multiple-dose study reported no evidence of accumulation after 12 days of dosing. 41 Compared with NPH insulin, insulin glargine is characterized by a smoother, relatively flat, GIR curve ( figure 2 ). There appears to be little or no difference in the absorption rate of insulin glargine between various subcutaneous injection sites (e.g., arm, leg, abdomen), 37 nor was absorption adversely affected by 30 minutes of intense exercise. 42 Euglycemic clamp data gathered with insulin detemir in subjects with type 1 diabetes revealed a duration of action of 19.9 hours for a typical dose of 0.4 units/kg. 38 A recent meta-analysis of insulin analog pharmacodynamic data applied a common definition of duration of action (time from injection to plasma glucose >8.3 mmol/L). 39 While the duration of action for both insulin detemir and insulin glargine displayed dose dependency, duration of action was close to 24 hours in a clinically relevant dosing range of 0.35 U/kg to 0.8 U/kg in patients with type 1 diabetes. In a comparative study of insulin detemir and insulin glargine in type 2 patients, the two insulin analogs had similar durations of actions. 43 The authors concluded that both long-acting analogs are suitable for once daily administration. One key difference in this and many other studies is that insulin detemir demonstrated significantly less variability in metabolic effect than both NPH insulin and insulin glargine, which is an issue of potential clinical relevance.
Traditional long-acting insulin products are subject to a high rate of pharmacokinetic and pharmacodynamic variability. 21 Variability in blood glucose levels as a result of this variability are linked to increased risk of complications and should be considered alongside FPG and glycosylated hemoglobin (HbA1c) levels when monitoring glycemic control (see Clinical Effects of Insulin Analogs, below). Moreover, variability in response can contribute to patient fears of hypoglycemia and discourage aggressive glycemic control efforts. Insulin detemir, formulated as a clear neutral solution, does not rely on proper resuspension technique or dissolution of crystals at the injection site, as does NPH insulin. 9 The degree of variability in response to insulin therapy, whether between different patients (inter-individual) or within the same patient from dose to dose (intra-individual), is commonly expressed as the coefficient of variation (CV) of the time required for 50% of injection-site insulin to disappear or as the CV for a particular pharmacodynamic measurement. 9 Intra-individual variability is of the greatest clinical concern. The degree to which an individual's 3 . Reproducibility of glucose-lowering effect with repeated injections of NPH insulin, insulin glargine, and insulin detemir. 35 Figure contains prediction intervals illustrating potential day-to-day variability in glycemic response. The probability that a subject with a mean GIR over 24 hours of 1 mg/kg/min would experience an effect of less than half of usual (i.e., <0.5 mg/kg/min) is 16% with NPH insulin, 7% with insulin glargine, and 0.7% with insulin detemir. glucose-lowering response differs from one injection to another can become a risk factor for hypoglycemia and a limiting factor in the pursuit of tight control. 39 A randomized, double-blind, euglycemic clamp study of 54 type 1 diabetes subjects found a significantly lower CV for GIRAUC[0-12h] with insulin detemir (27%) compared with both NPH insulin (59%; P<0.001) and insulin glargine (46%; P<0.001) for GIRAUC [12-24h] . The CVs for detemir, NPH, and glargine were 27%, 68%, and 48%, respectively (P<0.001, all comparisons) (figure 3). 35 Data gathered in patients with type 2 diabetes also revealed a significantly lower CV for GIRAUC [total] with insulin detemir versus insulin glargine (47% vs. 215%; P<0.001), as well as for GIRmax (40% vs. 147%; P<0.001). 39 
Premixed Analogs
Premixes of conventional regular human insulins have an onset of action of approximately 0.5 to 2 hours, usually plateau at 3 to 6 hours, and last up to 24 hours. By comparison, the premixed insulin analogs have a more rapid onset of action (approximately 15 minutes) and reach a peak biological action more rapidly (1 to 4 hours). Like the conventional human insulin premixes, effects of the premixed insulin analogs last up to 24 hours. Studies also indicate that the pharmacokinetic properties of the premixed insulin analogs have less intra-individual variability than the premixed conventional human insulins. 15 
Clinical Effects of Insulin Analogs HbA1c
The monitoring of HbA1c levels has become both a standard measure for evaluating individual treatment success and compliance, as well as a benchmark parameter for establishing treat-to-target goals. HbA1c levels provide an indirect measure of overall glycemic exposure over the preceding 2 to 3 months, with about 50% of the effect influenced by the previous 30 days. 44 HbA1c is clearly influenced by indices of glucose tolerance such as FPG and postprandial plasma glucose (PPG), although the relative influence of each factor on HbA1c continues to be debated. In one recent prospective study involving 164 type 2 diabetes patients with unsatisfactory glycemic control, a 3-month forced-titration intensified treatment program produced a mean decrease in HbA1c from 8.7% to 6.5%. Multiple linear regression analyses determined that decreases in PPG explained about twice as much of the HbA1c improvement as decreases in FPG. 45 Conversely, a study performed in 262 treatment-naïve type 2 diabetes patients found that HbA1c correlated more strongly with FPG (r=0.85) than PPG exposure (r=0.539). 44 The discrepancy between studies in this field might be explained by the fact that the relative contribution of PPG to HbA1c may predominate in relatively well-controlled patients, whereas FPG may come to predominate as the disease worsens. 49 Biological variation in A1C alleles may also play a significant role in determining HbA1c glycosylation levels. 50 The effects of rapid-acting and long-acting insulin analogs on HbA1c levels have been the subject of two recent Cochrane reviews. 51, 52 In a review of 49 randomized clinical studies comparing rapid-acting insulin analogs with regular human insulin, a weighted mean difference in HbA1c of -0.1% was determined in favor of analogs in patients with type 1 diabetes. Among patients with type 2 diabetes, there was no difference in HbA1c between rapid-acting analogs and regular human insulin. 52 In a similar review of eight studies comparing long-acting insulin analogs with NPH insulin in patients with type 2 diabetes, there was no clinically meaningful difference in HbA1c results between the two insulin types. 51 It should be noted that basal insulin trials, in particular, are generally designed to titrate dosing as needed to achieve preset HbA1c targets, and similar HbA1c outcomes should therefore not be entirely unexpected. 53 Three clinical trials compared all-analog insulin regimens to all-human insulin regimens. [54] [55] [56] In the largest, a basal-bolus regimen of insulin aspart/insulin detemir was compared with NPH insulin/regular insulin in 595 patients with type 1 diabetes for 18 weeks. 54 At study end, mean HbA1c was lower in the aspart/detemir group compared with the NPH/regular insulin group (7.88% vs. 8.11%; P<0.001). In a smaller but longer study of 56 type 1 subjects, a regimen of glargine plus lispro was associated with a mean HbA1c of 7.5% after 32 weeks compared to 8.0% with a regimen of NPH plus unmodified human insulin. 56 In the third study, a crossover design study of 28 adolescent subjects, there was no significant difference in HbA1c between subjects treated with glargine/lispro and those treated with NPH/regular insulin, each for 16 weeks (8.7% vs. 9.1%; P=0.13). 55 A number of studies have assessed HbA1c levels in patients treated with premixed human insulins versus those treated with premixed insulin analogs, including premixed insulin lispro formulations [57] [58] [59] and insulin aspart formulations. [60] [61] [62] While one study showed small but significant improvements in HbA1c levels after treatment with 50/50 premixed insulin lispro relative to premixed human insulins, 57 other studies failed to find similar advantages favoring premixed insulin analogs. 58, 60, 62 Consistently, however, patients receiving premixed insulin analogs exhibited improved PPG control relative to premixed human insulins, reflecting the higher absorption rate of the analogs. [58] [59] [60] [61] [62] 
PPG
The ADA defines PPG as a measurement of glucose 2 hours after the start of a meal. 63 For those patients whose pre-meal glucose values are within target but whose HbA1c targets are not, the ADA recommends treatment to reduce average PPG to <180 mg/dL. 63 The American Association of Clinical Endocrinologists and the International Diabetes Foundation advocate a PPG treatment goal of <140 mg/dL. 47, 64 While improvements in HbA1c levels have been correlated with reduced appearance or progression of microvascular complications such as neuropathy, nephropathy, and retinopathy, 6 macrovascular sequelae (e.g., ischemic heart disease, cerebrovascular disease, peripheral vascular disease) may be linked more closely to postprandial hyperglycemia, particularly in type 2 diabetes. 65 In fact, isolated postprandial hyperglycemia (PPG >140 mg/dL or 7.8 mmol/L) in patients with normal FPG and optimal HbA1c (<6.1%) increases the risk of death from cardiovascular disease by 2-fold. 65 Moreover, in large studies of populations consisting of both non-diabetic and diabetic patients, PPG (and FPG) levels have been associated with risk of all-cause and cardiovascular disease mortality. 66, 67 In a review of published studies comparing rapid-acting insulin analogs used in basal-bolus therapy to human insulin, the rapid-acting analogs were noted to have a greater impact on PPG in every study, with values ranging between 0.6 and 2.0 mmol/L (10.8 and 36.0 mg/dL) lower with analog versus human insulin. 53 In one of the longest trials (32 weeks) comparing an all-analog basal-bolus regimen (lispro/glargine) with an all-human insulin regimen (NPH/human insulin), the all-analog regimen was associated with a 15% lower PPG AUC (75 vs. 88 mmol/L/h; P=0.002). 56 
Hypoglycemia Risk
Fear of hypoglycemia and its associated risks of accident, coma, or death remains a major psychological obstacle to the aggressive pursuit of tight glycemic control. In the DCCT, the incidence of severe hypoglycemia was 3-fold higher in the intensive treatment group compared to the conventional treatment cohort (P<0.001). 6 Moreover, the risk of severe hypoglycemia increased as monthly HbA1c values declined.
As an interesting follow-up to the DCCT, one large diabetes center continued to follow diabetes care parameters and HbA1c data from 1993 to 1998 for 884 patients with type 1 diabetes. 68 From 1993 to 1996, HbA1c continued to decline significantly, but this trend was again associated with a significant increase in the number of severe hypoglycemic events (P<0.001). Starting in the autumn of 1996, a majority (676) of the patients switched to insulin lispro when it first became available. HbA1c levels continued to exhibit significant (P<0.001) improvement in the patients switched to lispro, but there was no corresponding increase in the rate of severe hypoglycemia in these subjects (P=0.26). Furthermore, HbA1c levels did not show further significant improvement in the subjects who remained on regular insulin. These findings suggest that intensive therapy with insulin analogs may not be associated with the same risks of hypoglycemia as older regimens with human insulin. 68 The Cochrane review of study data with rapid-acting insulin analogs also found a lower median incidence of severe hypoglycemic episodes per 100 person-years (21.8; range, 0 to 247.4) compared with regular insulin (46.1; range, 0 to 544). 52 Likewise, the Cochrane review of basal insulin analog trials found significantly lower risks of nocturnal hypoglycemia with glargine (P=0.00003) and detemir (P<0.00001) relative to NPH insulin (figure 4). 51 The risk of symptomatic hypoglycemia was also lower with both glargine versus NPH (P=0.005) and detemir versus NPH (P=0.00003). 51 The rate of severe hypoglycemia was lower with both basal insulin analogs compared to NPH, although statistical significance was not reached (both P=0.2).
Adherence
Effective use of any therapy in real-world settings is ultimately dependent on appropriate and compliant usage by individual patients. For a chronic disease in particular, adherence to pharmacologic treatment is essential for improving long-term prognosis, yet can be difficult to achieve in practice. [69] [70] [71] Diabetes has a number of characteristics that make adherence to treatment especially difficult: it is a lifelong, chronic disorder that requires daily, if not hourly attention; comprehensive disease control necessitates lifestyle adjustments along with medication in many cases; insulin treatment in particular may be considered complex, intrusive, and inconvenient; and the goal is prevention, rather than symptom reduction or cure. Furthermore, aside from the demands of insulin administration, many patients with diabetes take many other medications, including oral glucose-lowering agents, and treatments for comorbid conditions, such as dyslipidemia, high blood pressure, and depression. 72, 73 Studies confirm that adherence to diabetes regimens remains unsatisfactory. A recent systematic review was performed of published investigations of adherence with oral hypoglycemic agents (OHAs) (20 studies) and insulin therapy (3 studies) in patients with type 2 diabetes. 74 Retrospective data revealed adherence rates to OHA therapy ranged from 36% to 93%, while prospective trials using electronic monitoring reported compliance with 67% to 85% of prescribed OHA doses. Mean insulin adherence was 63% in a large retrospective database including both long-term and new-start insulin users, a lower adherence than seen with OHAs (73% to 86%). A number of variables have been causally correlated with poor adherence including clinical depression, 75, 76 alcohol use, 76 twice daily versus once-daily OHA regimens, 77 polytherapy versus monotherapy, 78 poor comprehension of the treatment regimen, 72 poor perception of treatment benefits, 72 medication costs, 72 and fear of weight gain or other side effects. 79, 80 Poor adherence has a measurably negative impact on disease control. In one analysis, a significant inverse association was apparent between HbA1c and an adherence index (P<0.001). 81 Poor adherence was also related to higher rates of hospital admissions for diabetic ketoacidosis (P<0.001) and all admissions for acute diabetes-related complications (P=0.008). Conversely, glycemic control has been shown to improve progressively as medication adherence improves (P<0.0001). 82 Relatively few studies have addressed whether insulin analogs are associated with better patient adherence than human insulins. One study showed that fear and rate of nocturnal hypoglycemia, a major factor for non-adherence, was lower in patients using glargine compared with those using NPH insulin. 83 Consequently, more patients on glargine were inclined to adjust their doses to achieve FPG targets.
Treatment Satisfaction
Several studies have reported that patients with diabetes using insulin analogs describe greater satisfaction with their insulin treatment compared to those using regular human insulin products. In a prospective, multicenter, randomized, open-label, parallel-group study involving 423 type 1 diabetes patients treated with basal-bolus therapy, participants were randomly assigned to the use of human insulin or insulin aspart as their bolus insulin for 64 weeks. 84 Treatment satisfaction was assessed using the World Health Organization Diabetes Treatment Satisfaction Questionnaire. Scores pertaining to perceived hyperglycemia were lower in the group using insulin aspart, indicating that subjects using aspart perceived high blood glucose levels to be less marked than the patients using human insulin (P=0.005). The insulin aspart group also indicated a greater degree of flexibility with their treatment compared to those using human insulin (P=0.022).
In another prospective, 6-month study conducted in 88 centers in 8 European countries, 1070 adults with type 1 diabetes were randomized 2:1 to insulin aspart or human insulin before meals, each in conjunction with NPH insulin as a basal insulin supply. 85 Treatment satisfaction at the end of the 6 months, as evidenced by the diabetes treatment satisfaction questionnaire scores, was significantly better in the group using insulin aspart (baseline-adjusted difference in scores between groups, 2.3 points; P<0.001).
A third study compared quality-of-life issues in a crossover-design study involving 468 patients with type 1 diabetes, all of whom underwent 3 months of treatment using insulin lispro or regular human insulin as part of a basal-bolus regimen. 86 Treatment satisfaction in the groups treated with insulin lispro increased significantly (P<0.001) compared with human insulin use (figure 5). Scores for treatment flexibility were also significantly greater with insulin lispro (P=0.001).
Weight Gain
Numerous studies have documented that improvements in glycemic control wrought by insulin and/or OHAs are frequently accompanied by undesirable increases in body weight. 6, [87] [88] [89] Weight gain in type 2 patients occurs through increases in both fat and fat-free mass. 88, 89 In the DCCT, even modest weight increases had a negative impact on lipid profiles and systolic blood pressure. 90 Similar findings in type 2 patients were noted in a report from the Swedish National Diabetes Register. 91 Intensive insulin therapy has also been correlated with complex changes in inflammation markers, possibly influenced by degree of weight gain, which could pose a risk for atherosclerosis. 92 Weight gain is particularly unwelcome in type 2 diabetes, considering that 80% to 90% of such individuals are already overweight. 93 Weight gain can also interfere with treatment compliance and success. 80 Insulin-mediated weight gain has been attributed to reduced urinary glucose excretion (calorie retention) and a lowering of metabolic rate, both of which are direct consequences of improved glucose metabolism. [93] [94] [95] It has also been recently postulated that weight gain observed in association with improvements in HbA1c in both type 1 and type 2 diabetes may be considered "catch-up" weight re-gain, i.e., is reflective of the natural body weight of the patients had they not had diabetes. 96 While these phenomena are common in patients using either insulin or sulfonylurea therapy, data from the UKPDS identified a greater burden of weight gain among insulin-users (4.0 kg) compared with those using chlorpropamide (2.6 kg) or glibenclamide (1.7 kg), despite similar levels of metabolic control. 7 The inherent anabolic activity of insulin on both adipose and muscle tissue may be responsible for prolonged periods of weight gain, even beyond the initial phase of "glucose control-related' weight gain, or re-gain. 88 So-called "defensive snacking" behaviors, driven by fears of hypoglycemia, can also contribute to weight gain in patients using insulin.
Ironically, patients who are at the greatest risk for insulin-related weight gain are typically those with the greatest need for insulin (poorly controlled on oral agents), those who are eager to undertake intensive insulin management, and those who respond well to treatment. 93 In fact, some of the main predictors of weight gain include high initial glycemia and degree of improvement in glycemic control. [95] [96] [97] Another interesting, but unfortunate, characteristic of this phenomenon is that the rate of weight gain is often greatest during the early months of therapy when glycemic control is also undergoing dramatic correction. 93 This can interfere with the patient's adjustment to insulin therapy and possibly create a barrier for continued treatment adherence.
Until recently, weight gain had been assumed to be an almost unavoidable consequence of insulin therapy. However, for
reasons not yet fully understood, a large body of evidence indicates that the long-acting insulin analog detemir actually has a weight-sparing effect. Data from at least 10 clinical trials in patients with type 1 and type 2 diabetes have reported significantly less weight gain with the use of insulin detemir compared with NPH insulin (figure 6). The weight-sparing effects of insulin detemir may be most pronounced in patients who are the most obese. 98, 99 This weight-sparing phenomenon appears to be unique for insulin detemir. While some studies have shown that patients treated with insulin glargine initially gain less weight relative to those treated with NPH, 100, 101 no difference between insulin glargine and NPH was noted in patients treated for 1 year. 97 Moreover, in a recently reported study, patients with type 2 diabetes were switched from NPH insulin or insulin glargine to insulin detemir for their basal insulin supply in combination with oral anti-diabetic drugs. Fourteen weeks after the switch to detemir, mean body weight was significantly reduced in patients previously using both NPH insulin (-0.7 kg; P<0.01) and insulin glargine (-0.5 kg; P<0.05). 102 Other studies have documented weight increases or weight stasis after treatment with glargine, although the weight increases, when observed, tended to be less than those occurring with NPH insulin. [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] The mechanisms behind the weight-sparing trait of insulin detemir have yet to be fully clarified. Insulin detemir is associated with a lower risk of hypoglycemia relative to other basal insulin preparations, 99, 108, 115 consistent with its greater pharmacokinetic predictability and smooth time-action profile. 35 This, in turn, could minimize the extent of "defensive snacking" behaviors that patients often exhibit when concerned about possible hypoglycemia. 99, 116 While this theory is plausible, it is not likely the sole mechanism. Insulin glargine has also been shown to reduce the risk of hypoglycemia compared with NPH, but nonetheless remains associated with weight gain. 117 One other theory posits that the high degree of albumin binding by insulin detemir may influence its relative hepatic versus peripheral effects. Preliminary data suggest that insulin detemir may interact with hepatocytes to a greater degree than peripheral tissues, thus effectively suppressing hepatic glucose output without promoting lipogenesis in the periphery. 116, 118 Insulin detemir may also be more effective than human insulin in restoring impaired satiety signaling within the central nervous system, thereby suppressing appetite and excess eating. 116 
Quality of Life
Insulin therapy of any type has the potential to affect quality of life in both negative and positive ways. 119 Clearly, quality of life can be impeded by concerns about needles/pain, hassles of frequent injections, and fears of hypoglycemia, weight gain, and other potential adverse events. 119, 120 On the other hand, improved glycemic control can have positive ramifications, including reductions in morbid complications. 119 Low quality of life is a relevant issue not simply for the emotional well-being of the patient, but also because it can interfere further with treatment compliance. 86 In a study involving teenagers with diabetes, those not meeting glucose control goals through multiple daily insulin injections of regular human insulin were given the option of switching to insulin lispro. After 12 months, teens who had switched to lispro evidenced similar metabolic control but less difficulty coping with diabetes, less negative impact of diabetes on quality of life, and fewer diabetes-related worries than those using regular insulin. 121 In a cohort of Japanese children and adolescents with type 1 diabetes, switching to a rapid-acting insulin analog improved quality-of-life in the majority of patients (305/389; 78%). 122 Various reasons for quality-of-life enhancement were cited, including meal flexibility (analog could be injected immediately before food intake or right after eating), decreased frequency of preprandial and nocturnal hypoglycemia, and freedom to schedule injections according to lifestyle.
Cost Effectiveness of Insulin Analogs
Assessing the overall cost effectiveness of insulin analogs relative to older human insulins requires sophisticated economic modeling that factors in not only direct medication expense, but also the expense of hypoglycemic episodes (emergency department/follow-up clinic costs), complications (microvascular, macrovascular, etc.), loss of work time, etc. One study estimated the average cost of complications in patients with type 2 diabetes at $47,240 per patient per 30 years (in 2000 U.S. dollars). 123 Hence, potential therapeutic benefits associated with lower rates of hypoglycemic episodes and improved PPG and FPG control might be expected to offset the higher initial medication costs of insulin analogs. A number of U.S. health economic modeling studies have carried out this type of analysis comparing detemir, glargine, and NPH insulins, 124 insulin glargine and reference therapy, 125 and insulin lispro and regular insulin. 126, 127 General conclusions from these studies suggest that total direct healthcare costs may be relatively similar between insulin analog and older insulin treatments, while treatment with insulin analogs may be associated with increases in quality-adjusted life expectancy.
Summary
While HbA1c has become a valuable marker for monitoring diabetes treatment success, it should be evaluated in a broader context of treatment-related outcomes and issues. A comprehensive appreciation of the potential value of a diabetes intervention should take into account other factors, particularly those that may impact patient satisfaction and quality of life issues. Once the patient leaves the physician's office, success hinges almost completely on patient acceptance of and adherence to the treatment protocol. From this standpoint, insulin analogs have been shown to have less pharmacologic variability, lower hypoglycemia risk, and greater impact on quality of life and treatment satisfaction compared with traditional insulin formulations, all of which would be expected to improve adherence. In addition, insulin detemir has an apparently unique weight-sparing effect that might have secondary implications for improved quality of life, treatment adherence, and comorbid disease progression.
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